Natural sediment sinks have been removed in many estuaries and tidal basins, and the resulting loss in accommodation space likely led to an increase in the suspended sediment concentration (SSC). The effect of land reclamations and changes in other sediment sinks on SSC has been investigated using the Ems Estuary as a welldocumented example. Coastline reconstructions and stratigraphic observations in the Ems Estuary, on the Dutch-German border, have been used to quantify the long-term (centennial) changes in sediment sinks. These data indicate that approximately 2-3 · 10 6 dry weight tons of fine-grained sediments annually accumulated in the estuary from the end of the 16th century up to the beginning of the 20th century. In the 20th century and especially from 1960 to 1994, large amounts of sediment were dredged and removed from the Ems Estuary. Since the 1990s, sediment removal rates through dredging activities sharply decreased, while available monitoring data show that on average SSC in the estuary increased during this period. The potential impact of sediment sinks on SSC has been investigated using a simple mass balance and a complex numerical model. Both methodologies indicate that the reduction in sediment sinks lead to an increase in suspended sediment concentration of several 10s of mg/l averaged over the estuary. The numerical model also resolves the spatial variation in changing suspended sediment concentrations, suggesting that locally the increase may exceed 100 mg/l. This work reveals that a decrease in accommodation space for fine-grained sediments by land reclamations or by reducing finegrained sediment extraction will lead to an increase in suspended sediment concentrations, and provides methodologies to estimate the impact of interventions on SSC of estuaries and tidal basins.
Introduction
Natural estuaries and tidal basins have extensive sub-, inter and supratidal flats in which fine-grained sediments accumulate through various mechanisms (van Straaten and Kuenen, 1957; Postma, 1961 Postma, , 1967 . Depending on sediment supply, sediment demand and local physical conditions, tidal flats can accumulate at a faster rate than relative sea level rise (RSLR). Rates of infill vary spatially, with largest sedimentation rates typically occurring in the sheltered parts of estuaries and tidal basins. In such areas subtidal flats may change into intertidal flats, which in turn may become supratidal salt marshes, influencing the suspended sediment dynamics in several ways. First the ratio of subtidal to intertidal area influences tidal dynamics (Friedrichs and Aubrey, 1988) . Thus, basin infilling will affect suspended sediment concentrations (SSC) in the estuary. Secondly, land reclamations influence the cross-shore distribution of hydrodynamic energy because the tidal prism is reduced and the cross-shore profile generally becomes steeper. A reduction of the tidal prism leads to smaller tidal flow velocities in the tidal channels, thereby promoting sediment deposition. In wavedominated environments, seaward encroaching embankments lead to steeper cross-shore profiles. The resulting increase in hydrodynamic energy reduces deposition of fine-grained sediment in the Wadden Sea foreshore (Flemming and Nyandwi, 1994) and possibly lead to increasing suspended sediment concentrations (Dellwig et al., 2000) .
Thirdly, a decreasing tidal basin size increases SSC through a decrease in storage capacity for fine-grained sediments. Sub-to supratidal flats are effective sediment sinks (Nichols, 1989) , and more sediment deposits in basins with an intact tidal flat-salt marsh sequence than in basins where salt marsh areas have been reclaimed (e.g. Pedersen and Bartholdy, 2006) . Fine-grained sediment that does not deposit remains in suspension, and unless a mechanism exists to efficiently transport the fine sediment offshore, the SSC should increase until export equals import. Surprisingly, relations between the loss of natural sediment sinks and changes in SSC in the estuary or tidal basin have not yet been Marine Geology xxx (2016) xxx-xxx established, even in a qualitative sense. This may be because in many estuaries and tidal basins land reclamations have been gradual (covering periods of decades to centuries) whereas for many estuarine systems decadal SSC observations are rare (Fabricius et al., 2013) . Even more, any response in SSC to loss of sediment sinks is obscured by parallel human-driven developments, which may have larger short-term impacts (such as channel deepening and dredging activities; van Maren et al., 2015a van Maren et al., , 2015b . Sediment sinks can be quantified by summation of the individual sediment contributions (e.g. Morton et al., 2000) or aggregated estimators such as cores (Nichols, 1989; Beets and van der Spek, 2000) , seismics (Sha, 1990) or bathymetric maps (Elias et al., 2012) . For many estuaries and tidal basins, the historical coastline evolution is well known and becoming increasingly accurate (e.g. Beets and van der Spek, 2000; Vos and Gerrets, 2004; Vos, 2015) , providing information to estimate historic sediment sinks.
An estuary of which the basin size changes are well known and for which detailed paleo-reconstructions are available, is the Ems Estuary (Vos and Knol, 2015) . The SSC in the Ems Estuary has been increasing in the past decades (de Jonge et al., 2014; van Maren et al., 2015a) , and the reasons for this increase are under debate. The expanding ports necessitated deepening of the central channels of the estuary and regular maintenance dredging. In this way, the port of Emden extracted 1.8 · 10
6 tons/year of fine sediments over a 30-year period (all tons are dry weight) as part of maintenance dredging. van Maren et al. (2015a) suggest that ending the sediment extraction around 1990 was the main driver for the increase in SSC in the past decades. They also hypothesize that the loss of sedimentation areas resulting from large-scale land reclamations may have had a similar effect on estuarine SSC as sediment extraction through dredging. This paper aims to quantify the main historical sediment sinks in the Ems Estuary over the past centuries, and relate these sinks to changes in estuarine SSC. In Section 2, we describe the historical development in the Ems Estuary, including changes in suspended sediment concentration and extraction rates in the past decades. The sediment sinks in the past centuries are quantified in Section 3. Using two different methodologies, the sediment sinks are related to changes in estuarine SSC in Section 4. The implications of sinks for SSC in estuarine systems in general are discussed in Section 5.
Historical development of the Ems Estuary
The Ems Estuary, situated on the Dutch-German border ( Fig. 1) , is an estuary which has undergone large anthropogenic changes in the past decades to centuries (overview in Table 1 ). Up to the middle ages, the land surrounding the Ems Estuary was primarily composed of peat land with a surface level well above extreme high water levels. With increasing habitation of the area, the land was drained for agricultural purposes. The area subsided as a result of the drainage, and dikes were built to protect the land from being flooded from as early as 1000-1100 AD onwards (Oost, 1995; Ey, 2010) to form a continuous dike ring in the 13th century (Vos and Knol, 2015) . These modifications made the area even more susceptible to compaction, lowering the land surface to levels below mean sea level. Dyke collapses occurred in Dollard Bay as early as 1277 and continued in the 14th, 15th and early 16th century. In 1509 AD the flooding of Dollard Bay reached its largest extent, enlarging the embayment to some 350 km 2 (Vos and Knol, 2015;  see Fig. 1 ). It led to wide spread removal of the peats, and subsequent subsidence of the remaining peats due to the weight of sediments deposited on top of them, and oxidation and compaction. By sedimentation on top of the peats the area changed from subtidal to supratidal. In the following centuries, land was gradually reclaimed from the sea (see Fig. 1 ). Since 1650, the total size of the Ems Estuary between Emden and Eemshaven decreased by 40% (from 435 to 258 km 2 : Herrling and Niemeyer, 2007) ; the combined intertidal and supratidal area decreased from 285 to 156 km 2 . Infilling is mostly of marine origin (the Wadden Sea or North Sea); the sediment load carried by the Ems River or local rivers is very small (van Straaten, 1960) . As of at least the 16th century, the tidal channels in the Ems Estuary were organized as distinct ebb-and flood channels (van Veen, 1950) . Since the beginning of the 19th century the main ebb channel has degenerated and most of the estuary was transformed into a single-channel system (see Fig. 1 for current conditions). The exact mechanisms for this transformation are not fully understood, but are probably related to (a combination of) the reduction in tidal prism of Dollard Bay (Gerritsen, 1952) and deepening of the central channels for shipping and sediment disposal in the degenerating channel.
Human interventions accelerated in the past 50 years with the construction and extension of three ports (Eemshaven, Delfzijl and Emden) and a shipyard (Papenburg). Deepening of the access channels influenced the tidal regime (Chernetsky et al., 2010; Herrling et al., 2014; van Maren et al., 2015b) and estuarine circulation (van Maren et al., 2015a) and requires regular maintenance dredging.
The sediment concentration in the Ems Estuary has significantly increased in this period (Fig. 2) . The annual change in SSC is computed by fitting a parameterised regression model (van den Boogaard et al., 2006) to the SSC observations, separating periodic variations from the multi-year trend (see Vroom et al., 2012 for details). The error bars indicate the 95% uncertainty interval around the observed SSC series, computed using a resampling technique (Efron and Tibshirani, 1993) . The data show that in the 20 year period, the sediment concentration increased significantly with 0.7 to 4 mg/l per year, varying per station. The annual increase is largest for stations with a high sediment concentration, resulting in an increase in SSC between 0.5 to 3% per year (with the upper bound of 3% corresponding to a doubling of SSC within 24 years).
Multiple mechanisms are probably responsible for the increase in SSC in the estuary, operating concurrently. Dredging was considered to be the major source for increasing turbidity by de Jonge (1983). De Jonge et al. (2014) hypothesize that channel deepening works may have modified transport mechanisms or exposed erodible sediment, thereby increasing SSC, or that offshore sediment supply increased. The lower Ems River (draining into the Ems Estuary) became hyperturbid in the past decades (probably as a result of deepening; Winterwerp et al., 2013; van Maren et al., 2015b) , which may have an impact on turbidity in the Ems Estuary (de Jonge et al., 2014) . van Maren et al. (2015a) suggest that dredging and disposal within the Ems Estuary has a smaller impact on SSC than the concurrent deepening of the tidal channels (leading to increased SSC levels because estuarine circulation is strengthened), but that the largest contributor to changing sediment concentrations is the loss of sediment sinks. On the short term (decades) the main change in sediment sinks was related to sediment extraction through dredging works, but over longer timescales (centuries) infilling of tidal embayment is probably important. Therefore the historical sediment sinks in the Ems Estuary, and in particular in the Dollard area where changes were most extensive, are quantified in more detail in the next section.
Reconstruction of historical sinks

Infill of Dollard Bay
The most extensive land reclamations in the Ems Estuary took place in Dollard Bay (Fig. 1) . Mainly fine-grained sediments deposited in Dollard Bay from the 16th century onwards, transforming subtidal flats into intertidal flats and subsequently into supratidal marshes. Once the marshes were high enough they would be reclaimed. Upon completion, the reclamation works were archived, providing historical records with areal size and date of completion. These records allow a reconstruction of the evolution of the size of Dollard Bay (Fig. 3) . This reconstruction reveals that the rate of reclamation in the Dollard is fairly constant over the period 1550 to 1924 (Fig. 3) , but decreased slightly after 1800. We therefore assume the reclamation rate to be constant The cumulative area of reclaimed land ΔA can be converted to a change in sediment volume ΔV by multiplying ΔA with the depth of the deposits H d . For Dollard Bay, H d can be inferred from historical cross-sectional profiles based on corings (Vos and Knol, 2015; see Fig. 4 ). Accumulation of muddy subtidal and intertidal deposits on top of the (partially) eroded peaty substrate and underlying strongly consolidated clays provide a clear time marker for sediment accumulation. These existing peat and consolidated clay deposits were fairly uniformly eroded and -due to later sediment deposition -compressed to a depth of 5 m below present-day chart datum. At other areas the deposition might have been less: in the order of 2.5 m. A range of H d = 2.5 to 5 m accumulating from 1509 onwards provides an average vertical sediment deposition rate around 0.5-1 m per century, which is much faster than local RSLR (0.2 to 0.25 mm/year; e.g. Jensen et al., 1990; Töppe, 1993). In equilibrium tidal basins, infill rates are comparable to RSLR whereas deviations usually result from active river deltas or human interventions (Nichols, 1989) . The rapid infilling of Dollard Bay therefore reflects the non-equilibrium conditions resulting from anthropogenically induced bed level subsidence. Using a vertical accretion range of 2.5 to 5 m, ΔV is estimated at 1.6-3.2 · 10 6 m 3 /year over the period 1550 to 1800, and to 0.8-1.6 · 10 6 m 3 /year between 1800 and 1924 (Dollard reclamations in Table 2 ).
Sediment also accumulated on the bed of the present-day Dollard Bay (A = 100 km 2 ), but not sufficient to be reclaimed. The thickness of these deposits is slightly less than the deposits in the reclaimed areas (see Table 2 ). In order to determine the impact of reclamations on SSC, ΔV need to be converted to a change in mass of fine-grained sediment ΔM by correcting for the mud fraction f mud , the mineral content f min , and the dry density ρ dry :
Mud deposits of several metres thick and centuries old are heavily consolidated. A best estimate for the dry density ρ dry is 1.25 tons/m 3 (Puls et al., 1997; Dellwig et al., 2000) representing very consolidated mud deposits or more recent mixed sand-mud deposits. Sediment depositing in the present-day Dollard is very fine-grained, with f mud typically between 0.6 and 0.9 in the shallow subtidal and the intertidal areas, but lower and more variable (f mud = 0.3-0.7) in the channels (Fig. 5) . The organic content of these recent deposits is 1-5%: the mineral content f min is therefore approximated to be 0.98. Since the spatial detail of these present-day observations is much larger than in the sediment cores, they are used as a proxy for the mud content of sediment deposited in Dollard Bay. Using these values, ΔM decreases from 1.2-3.5 · 10 6 tons/year (1550-1800) to 0.6-1.8 · 10 6 tons/year between 1800 and 1924 (Dollard reclamations in Table 2 ). The Dollard channel infill is more sandy than the intertidal deposits: f mud of present channel deposits varies between 0.3 to 0.7 (Fig. 5) . Using the same methodology and uncertainty as for the Dollard reclamations, this leads to a ΔM between 0.2 and 0.9 · 10 6 tons/year from 1550 to 1960 (Table 2) .
Infill of channels in the Ems Estuary
The decrease of the size of the Dollard (and other areas) reduced the flow velocities in the tidal channels of the Ems Estuary, leading to net accumulation in these channels. /year. The mud content of these deposits is around 50% (see Fig. 5 ), and assuming a dry bed density ρ dry of 1000 kg/m 3 (being a fairly recent deposit) the annual sink of finegrained sediment is around 0.5 · 10 6 tons ( Table 2 ).
The infilling of this channel began early in the 19th century and within 150 years, the channel width decreased from~2 km to several hundred metres (maps in Gerritsen, 1952) . A large part of the channel was originally up to 10 m deep. Using an average reduction in width of 1500 m and in depth of 8 m, 180 · 10 6 m 3 deposited in the 15 km long channel. The mud content is assumed lower (f mud = 0.2-0.4; typical value for present-day active tidal channels, see Fig. 5 ) and is more compact than the present-day channel deposits (similarly to the Dollard, we assume ρ dry is 1250 kg/m 3 ), resulting in an annual sediment sink of 0.2-0.4 · 10 6 tons (Table 2) . Extraction of fine sediment from the port of Emden and its approach channel 1990-present Extraction of fine sediment from the lower Ems River Fig. 2 . Annual change (including 95% uncertainty interval) in sediment concentration C (in mg/l/year) as a function of the sediment concentration C in 2010 for stations S1, S6, S7 and S8 (see Fig. 1 for location). The SSC observations are a 20-year time series of water samples collected 1 m below the water surface once or two times per month at the same tidal stage. Similar rates of infill may have occurred elsewhere in the estuary but especially the morphological changes in the more seaward parts of the estuary are less well known. However, this area is more sanddominated and the tidal volume decrease due to changes in Dollard Bay was rather slow. Therefore it is assumed that in the outer estuary, reductions in mud deposition rates were too small to significantly influence long-term changes in SSC.
Dredging activities
Between 1960 and 1994, 5.1 · 10 6 m 3 /year was dredged from the port of Emden (1.5 · 10 6 m 3 /year) and fairway (3.6 · 10 6 m 3 /year) and brought on land (sediment extraction in Fig. 6 ). Another 5 · 10 6 m 3 of sediment was dredged and subsequently dispersed within the estuary (data from Mulder, 2013) . Approximately 1.5 · 10 6 m 3 of the extracted sediment was sand: the remaining 3.6 · 10 6 m 3 /year is mud. Since 1994, sediment is no longer dredged from the port of Emden, but regularly re-aerated, thereby preventing consolidation. The resulting poorly consolidated bed remains navigable, and consequently the port no longer requires maintenance dredging (Wurpts and Torn, 2005) . At the same time, sediment dredged from the approach channel to Emden is no longer extracted but dispersed in the estuary. The density of the poorly consolidated sediment currently dredged from the approach channels to Emden is 500 kg/m 3 (Mulder, 2013) , providing a measure to convert historic extracted sediment volumes to mass. Using this density, on average 1.8 · 10 6 tons of fine-grained sediment was annually extracted from the port of Emden and its access channel between 1960 and 1994. Sediment was also extracted before 1960, but these quantities cannot be quantified in as much detail as in Fig. 6 . Köthe et al. (2003) estimate that on average 1 · 10 6 tons/year was extracted from the estuary between 1924 and 1960 to raise the bed level of polders. Sediment is still extracted from the lower Ems River. Since the early 1980s, the yearly dredged volume in the lower Ems River is disposed on land and has been steadily increasing from around 0.2 · 10 6 m 3 /year before the 1993 deepening (Krebs and Weilbeer, 2008 ) to 1.5-2 · 10 6 m 3 /year (~0.8 · 10 6 tons/year) since 1993 (Weilbeer and Uliczka, 2012) . The dredged sediment was initially sandy, but is now predominantly muddy (Krebs and Weilbeer, 2008) . The rapid increase in extraction from the lower Ems River was probably related to its deepening (van Maren et al., 2015b) , although stopping extraction from the Emden area may have also played a role.
Timeline of sediment sinks
The sediment sinks elaborated in the previous sections are summarised in Table 3 . The total sediment sink has been decreasing for centuries, but the most abrupt change was realised in the 1990s, Vos and Knol (2015) . Chart datum (CD) is approximately the present-day mean sea level. The mud-layer which formed after the flooding of the Dollard (around 1500) has its base on 5 m below MSL. The bay gradually filled in with marine mud: initially with muddy sub to intertidal sediments, followed by tidal marsh deposits. Marshland was reclaimed with dikes gradually encroaching in the seaward direction (see Fig. 1 for a spatial distribution).
Table 2
Conversion of annual change in volume ΔV to change in mass ΔM in the Dollard basin, using the mud fraction f mud , the mineral content f min , and the dry density ρ dry . ΔM for the land reclamations is computed for two periods (because of a variable ΔV, see Fig. 3 ), whereas ΔM resulting from Dollard infill is computed for a longer period. The range in ΔM is computed using the bandwidth in the uncertainties. when sediment depositing in the approaches to the port of Emden was no longer brought on land but dispersed within the estuary. More than 2 million tons annually deposited in the Ems Estuary before 1990, but decreased to 0.5 million tons after 1990. The transition around 1990 is less abrupt when also the sinks in the Ems River are considered, but remains large. Up to~1990, the largest sinks were located in the estuary (Dollard, Bocht van Watum, approaches to the port of Emden), but thereafter mostly in the lower Ems River.
Impact on SSC
A change in sediment sinks influences estuarine SSC, similar to a change in sediment sources (such as a river or eroding coastline). The impact of sediment sinks and sources on estuarine SSC is estimated in two ways: using an aggregated sediment balance model, and using a complex numerical model. With both methods, the effect of annually extracting 1.8 · 10 6 tons on SSC is investigated. This quantity is equal to extractions of mud from the (approaches to) the port of Emden, but also represents loss of sediment sinks resulting from land reclamations.
Mass balance
The aggregated sediment balance equation for a water body, e.g. of a whole estuary, can be derived from the three-dimensional convection-diffusion equation for suspended sediment concentration:
Such a derivation is not readily available in scientific literature, and therefore included in Appendix A (see also Appendix A for an explanation of symbols in Eq. 2). The resulting time-varying mass balance for the change in sediment concentration C for a water body with volume V is related to the sediment flux into (S in ) and out of (S out ) the system, a sink term Sink (sediment extracted from or depositing in the water body) and a source term Source (sediment supplied to the system).
For simplicity, the source and sink terms are combined as SS = Source − Sink. The dynamic equilibrium sediment concentration is the sediment concentration at which dðVCÞ dt ¼ 0. The sediment flux out of the estuary S out is equal to the product of tidal discharge and the sediment concentration in the estuary Q h C, and therefore Eq. (3) becomes.
In which Q h is an average tidal discharge (m 3 /s). Assuming that the sediment influx remains unchanged (ΔS in =0), a change in the sources or sinks results in a change in the sediment concentration level:
It is noted that the change of the dynamic equilibrium concentration is independent of the volume of the water body V. However, V does influence the period to achieve new dynamic equilibrium (see Eq. (3)). The measured concentrations (Fig. 2 ) reflect this transitional period as well: after 20 years the cumulative increase is 15 to 80 mg/l. Using a change in SS of 1.8 · 10 6 tons/year (and using Q h = 2500 m 3 /s) the sediment concentration increase according to Eq. (5) is about 22.5 mg/l. This suggests that the estuary-averaged increase in SSC as a result of stopping sediment extraction at Emden is 22.5 mg/l since 1990. This reasonably corresponds with Fig. 2 , although the data also reveal a pronounced along-estuary variation in SSC. Such spatial variations cannot be resolved with a simple mass balance, and therefore we subsequently quantify sinks with a complex numerical model. The rate at which the sediment concentrations changes depends on the volume of the basin V, and cannot be quantified with Eq. (5) -also here numerical models are needed.
Numerical model
The model is setup using the Delft3D software and covers the Ems Estuary including the lower Ems River, parts of the Wadden Sea, and a small section of the North Sea (see Fig. 7 ). A hydrodynamic model, forced by river flows, wind-induced waves (using the SWAN wave model), and tides was calibrated against a large amount of water level, salinity, and flow velocity observations (see van Maren et al., 2015a for details) . A sediment transport model has been setup incorporating the effect of the buffering of fine sediments in the seabed, applying the algorithms developed by van Kessel et al. (2011a) . These algorithms are coupled offline with the hydrodynamics, and have proved robust formulations to model the sediment dynamics in the North Sea (van Kessel et al., 2011a) , the Western Scheldt (van Kessel et al., 2011b) , Singapore (van Maren et al., 2014) and the Ems Estuary (van Maren et al., 2015a) . This model distinguishes two bed layers: an upper layer (S1) which rapidly accumulates and erodes, and a deeper layer (S2) in which sediment accumulates gradually and is only eroded during energetic conditions (spring tides or storms). This S2 layer represents a sandy layer in which fine sediment accumulates during calm conditions. When the bed shear stress exceeds a critical value the sandy layer becomes mobile, and fine sediment that infiltrated earlier into this layer is slowly released. Most sediment is stored in this S2 layer; S1 represents the thin fluff layer consisting of mud, which rapidly erodes, characteristic for fine-grained estuarine environments. Siltation in the three estuarine ports and approach channels is computed by the model, and sediments depositing in these ports are disposed on their allocated dumping grounds or brought on land (extraction).
The hydrodynamic model is run for one full year (2012), providing hydrodynamic forcing for the sediment transport model. The sediment transport model is run for 10 years (using hydrodynamic input in cyclic mode) until dynamic equilibrium is achieved. The sediment transport model has been calibrated against 9 observation stations. Comparison with detailed continues observations in the river mouth suggests that the model reproduces the intra-tidal and spring-neap variation in SSC (van Maren et al., 2015a) . Six stations covering the estuary thalweg (see Fig. 1 for location) reveal that the along-estuary (monthly averaged) suspended sediment concentration is comparable with the snapshot observations taken along the estuary (Fig. 8) . The highest sediment concentration occurs on the extensive tidal flats in the head of the estuary and on the intertidal flats in the Wadden Sea (Fig. 7) , decreasing towards the tidal channels. This along-estuary SSC gradient is the result of Table 3 Summary of estimated sediment sinks ΔM of fine-grained sediment in the Ems Estuary (in 10 6 tons/year). Deposition in the Dollard Bay is based on shoreline changes and corings (1).
Sediment extraction is based on information of volumes on dump sites by Köthe et al. (2003) (2) and dredging data ( Fig. 7) (3) .The channel infill sediment mass is based on historical maps (4) and bathymetric data (5) whereas extraction from the Ems River (6) is derived from Krebs (2006) . 1550-1800 1800-1924 1924-1960 1960-1985 1985-1994 1994-2015 Dollard reclamations 2.4 (1.2-3.5)
ΔM
1.2 (0.6-1.8) tidal asymmetries (in time or along-estuary) in the flow combined with finite values for the critical shear stress and settling velocities (see e.g. van Maren and Winterwerp, 2013) , and of gravitational circulation. Gravitational circulation generates an up-estuary flow near the bed and a down-estuary flow near the surface. Due to the typical increase of SSC from the water surface towards the bed, gravitational circulation drives an up-estuary sediment transport. Gravitational circulation in the Ems Estuary may result from classical salinity driven estuarine circulation (as suggested by van Maren et al., 2015a) or from tidal asymmetries in vertical mixing (Pein et al., 2014) . Reproducing the up-estuary sediment transport processes is important for assessing the impact of extraction scenarios on SSC. From the available data-model comparison (the tidal dynamics (not shown here -see van Maren et al., 2015a) , the along-estuary concentration gradient, and the SSC dynamics in the mouth (see also van Maren et al., 2015a) ) it is concluded that the up-estuary transport processes are sufficiently reproduced to quantify the effect of sediment extraction on averaged suspended sediment concentration levels.
In the baseline model, sediment depositing in the ports is dredged and disposed on the allocated dumping grounds. To assess the effect of extraction, this sediment is not disposed in the estuary, but extracted. For this purpose we use two scenarios: extracting from the port of Emden only, and extracting from all ports. The extracted volume from the port of Emden only is 0.5 million tons/ year, which is an underestimation of the extraction rates (see van Maren et al., 2015a for more details on this model shortcoming). Also extracting sediment from the ports of Delfzijl and Eemshaven better approximates the historic extraction rates (totalling 1.8 million tons/ year).
Extraction of 1.8 · 10 6 tons/year mud (Figs. 8 and 9 ), leads to a reduction in SSC of~10 mg/l in the outer estuary to~100 mg/l in the inner parts of the estuary (notably Dollard Bay). These numbers are comparable with the change in SSC computed with Eq. (5) (22.5 mg/l). Changes in SSC are relatively small near the estuary boundaries but larger close to the sediment sinks. The effect of extracting 0.5 million tons/year is about three times smaller compared to extracting 1.8 million tons/year (Fig. 8) . The modelled impact of extraction is therefore linear, in line with the mass balance approach (Eq. (5)). So despite their strongly contrasting methodologies, both approaches provide similar changes in SSC as a result of sediment extraction. This suggest that the large effects predicted for sediment extraction are realistic, and that the loss of sediment sinks have led to a significant increase in SSC.
Discussion
The Ems Estuary may be unique in the combined amount of available data, especially related to historical development, stratigraphic information, observational data covering 4 centuries, but especially in the large-scale sediment extraction. This allows the Ems Estuary to function as an example for the effect of sediment sinks on estuarine SSC.
The computed sediment sinks from 1550 to present provide a firstorder estimate of the amount of sediment annually extracted from the Ems Estuary. Uncertainties remain related to the three-dimensional nature of the deposit, the bulk density of the material, and the ratio of organic material, sand and mud. Nevertheless the work presented here demonstrates that typically around 3 · 10 6 tons of fine-grained sediment annually deposited in or was extracted from the estuary up to 1994. About 0.5 · 10 6 tons/year deposits after 1994 within the Ems Estuary itself, although an additional 0.8 · 10 6 tons is annually extracted from the lower Ems River draining into the Ems Estuary. Such sediment sinks are large compared to the instantaneous suspended sediment concentration that is present in the water column: the numerical model simulates that typically only 0.2-0.4 · 10 6 tons is suspended in the water column. An annual change in sediment sinks of 1 · 10 6 tons or more therefore has a substantial impact on SSC, as has been demonstrated with 2 approaches. These reveal that an average annual decrease up to 10 mg/l may be expected at the mouth of the estuary when 1.8 · 10 6 tons/year of fines are annually extracted, but may be up to several 10s of mg/l at the head of the estuary. Despite the shortcomings of both model approaches, they provide similar ballpark numbers for the effect of sediment sinks on the SSC, strengthening confidence in the accuracy of the outcome of both models. The qualitative agreement between observational data, the mass balance, and the numerical model therefore suggest that SSC in the Ems Estuary is rising, at least partly in response to loss of sediment sinks. Observational data available after 1990 reveal that the sediment concentration is indeed increasing, in the order of 0.5 to 3% per year. The slow response of SSC in the data (with a gradual increase in the past 20 years) suggests that the response time of SSC is (at least) several decades. The effect of net sediment deposition on tidal flats on SSC is similar to sediment extraction through dredging activities. With even more sediment historically depositing on the flats (3 · 10 6 tons/year from the 16th to 20th century), the SSC in the Ems Estuary was probably lower in the past. An increase in SSC resulting from land reclamations is not unique to the Ems Estuary. The intertidal areas of many estuaries and tidal basins worldwide have been reclaimed. The Ems Estuary is part of the Wadden Sea, which is composed of multiple tidal basins and estuaries. The exposed (seaward-facing) tidal flats used to be much wider in the cross-shore direction. Many more sheltered tidal basins and estuaries (providing accommodation space for mud deposition) used to intersect the hinterland (Fig. 10) . In its pristine state (before human interventions) the Wadden Sea must have had a very high ability to trap finegrained sediments. Most of the wide, gently sloping tidal flats bordering the Wadden Sea have been reclaimed and basins and estuaries have been closed off. As a result only half of the original size of the Wadden Sea still remains (Reise, 2005 ) were reclaimed or closed (Reise, 2005) . This implies a massive reduction of the sediment accommodation space in the Wadden Sea, and therefore its ability to trap fine-grained sediments. The change in mud deposits resulting from this work is larger than earlier studies indicate. Dellwig et al. (2000) suggest that mud deposition decreased from 2.3 · 10 6 tons/year in the Holocene to a present-day 1 · 10 6 tons/year in the German part of the Wadden Sea, which is comparable to our estimates for the Ems Estuary alone. It is known that the reclamations in the Dutch part of the Wadden Sea have led to increasing sedimentation rates (Wang et al., 2012b; Elias et al., 2012) , but do not result in re-establishment of mudflats and salt marshes (Flemming and Bartholomä, 1997) , and consequently led to a loss of important habitats (Reise, 2005; Lotze et al., 2005) . Based on the work presented here, land reclamations and closure of basins must have had an additional effect: they increased SSC levels in the basins of the Wadden Sea and therefore the average suspended matter concentrations in the Wadden Sea must have been substantially lower. The main source of historic observations approximating the suspended sediment concentration is light attenuation. Giesen et al. (1990) compiled visibility observations in the Wadden Sea collected between 1920 and 1980 (Fig. 11) , parameterised with a light attenuation coefficient k. The light attenuation increases with increasing turbidity and in the Wadden Sea, the main factor influencing turbidity is SSC (van Fig. 10 . Overview of former channels and sub-to supratidal flats in the Wadden Sea area of the Netherlands and Lower Saxony. Estuary in the centre is the Ems Estuary: 1 = present-day subtidal area; 2 = present day intertidal area; 3 = channels and incursions formed and filled up; 4 = existing tidal channels that were filled up; 5 = lower Holocene coastal zone which is endiked; 6 = higher Pleistocene landscape and barrier islands.
der Heide et al., 2007; Philippart et al., 2013) . The light attenuation observations reveal an increase in k, and therefore probably an increase in SSC. This increase was caused by changed hydrology (following the closure of the Zuiderzee in 1932), and loss of sea grass beds (trapping sediment), according to Giesen et al. (1990) . In contrast, Philippart et al. (2013) conclude that the turbidity in the Western Wadden Sea has not changed in the past 4 decades. However, they analyse a single station which is close to open sea, and changes resulting from land reclamations will be larger close to the coastline (where most of the measurements in Fig. 11 are concentrated) . Even more, the most dramatic changes in turbidity probably occurred in the period before 1970 (the starting period in the data analysed by Philippart et al., 2013) . We therefore conclude that the SSC in parts of the Wadden Sea have increased (as in Fig. 11 ), at least partly because of land reclamations and/or closures of tidal basins (Fig. 10) .
The remaining estuaries in the Wadden Sea (the Elbe, Weser, and Ems) have become very turbid (see Winterwerp et al., 2013) and the ports established in these estuaries require large amounts of maintenance dredging. We have argued that the loss of accommodation space is at least partly responsible for this increase in SSC. However, channel deepening also leads to higher SSC levels, as demonstrated by Winterwerp et al. (2013) for a.o. the Elbe and Ems estuaries. There are two explanations for this apparent contradiction. First, the increase in SSC as a result of deepening is often in the upstream areas of the estuaries whereas loss of accommodation space mostly impacts the outer estuary. Deepening of the tidal Ems River (draining into the Ems Estuary near the port of Emden, see Fig. 1 ) has locally lead to hyperconcentrated conditions (van Maren et al., 2015b) , whereas the impact on the outer estuary may have been limited (especially with the Ems River acting as a net sediment sink). Secondly, deepening will only lead to high SSC if the amount of available sediment is sufficiently large. This supply of sediment has increased because of loss of sediment sinks. Land reclamations therefore contribute to the high turbidity in the upper estuaries, even though deepening triggered the transition to highly concentrated systems. The Wadden Sea estuaries are not unique, and similar fine-grained heavily impacted coastal systems are found all over the world, such as along the heavily populated Chinese (Wang et al., 2012a) and Korean (Williams et al., 2013; Williams et al., 2014) coastlines. Based on the work presented here, we expect that also in these areas the suspended sediment concentrations of near-shore water bodies has increased, or may increase in the near future.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.margeo.2016.03.007.
